To determine the effects of environment and genotypic differences on tuber yield and other related traits, 12 genotypes comprising 9 improved elite clones, two local landraces and 1 improved and released variety were evaluated for tuber yield, response to yam mosaic virus and leaf spot diseases at 16 growing environments. The multi-environment trials were conducted using randomized complete-block design with three blocks for four years in four representative agro-ecological zones (Atebubu, Kintampo, Ejura and Fumesua) in Ghana. The objective was to select high and stable yielding varieties for release as varieties in Ghana. The multi-environment data for the trials collected were subjected to combine analyses of variance using the ANOVA procedure of Statistical Tool for Agricultural Research (STAR) to determine the magnitude of the main effects and interactions. Genotype main effect and genotype by environment interaction effect (GGE) model was used to dissect the genotype by environment interaction (GEI) using the GGE biplot software (GGE biplot, 2007). GGE biplots analysis was applied for visual examination of the GEI pattern in the data set. A highly significant effects (P < 0.001) for Genotype (G), environment (E) and genotype by environment (GEI) interaction were occurred in the data set for highly significant for all the traits studied (P < 0.001), indicating genetic variability between genotypes by changing environments. This indicated changes in ranking order of the genotype performances across the test environments. The partitioning of the GGE effect for tuber yield through in GGE biplot analysis model showed that PC1 and PC2 accounted for 40.47.0% and 19.89.0% of the variation GGE sum of squares respectively for tuber yield, respectively explaining a total of 60.36% variation. Mankrong Pona was the most stable and high yielding (closest to the ideal genotype) followed by TDr95/19177. Genotypes TDr00/02472, TDr00/00539 and TDr98/00933 are desirable genotypes for further assessment on culinary characteristics and end-user assessment for release as varieties. All the four locations used for the study were highly relevant for research and development of yams. Ejura and Fumesua were the most discriminating and most representative for YMV respectively. In terms of yield, Kintampo environment was the most discriminating and Fumesua and Atebubu were the closest to ideal environment for evaluating yield.
Introduction
Yam, (Dioscorea spp.) is an important food crop in Ghana. It is the most important and prestigious staple food as well as the food of choice at many ceremonies and festivals. The importance of yams in the sub-region cannot therefore be over-emphasized. Ghana comes third after Nigeria and Cote d'ivoire in terms of production. Ghana, however, is the leading exporter of yams. Ghana has a comparative advantage in yam production; yam production in Ghana has witnessed consistently high productivity over Nigeria, over the past decade. Of about 600 known yam species, only about six are important as staples in the tropics namely: D. rotundata, D. cayenensis, D. alata, D. dumetorum, D. bulbifera and D. esculenta. Together they account for 90% of all yams grown in Ghana. In Ghana, D. rotundata is the most widely cultivated yam species followed by D. alata, and then D. cayenensis Poir. D. rotundata and D. cayenensis lam (both known as Guinea yams) are the most yams and are indigenous to West and Central Africa. the phenotype of an individual is determined by both the genotype and the environment. The effects of these two factors, however, are not always additive because of the interaction between them. The large GEI variation usually impairs the accuracy of yield estimation and reduces the relationship between genotypic and phenotypic values (Ssemakula & Dixon, 2007) . GEI, due to different responses of genotypes in diverse environments, makes choosing the superior genotypes difficult in plant breeding programmes.
Different statistical analyses methods have been developed and applied in many crops for describing, exploring, understanding, and predicting GEI (Malosetti et al., 2013) . Genotype main effect plus genotype by environment interaction (GGE) model and the biplots which is called GGE biplots (Yan et al., 2000) is among the methods widely utilized to exploit GEI in many crops. GGE model is based on the understanding that genotype main effect (G) and genotype by environment interaction (GEI) are the two sources of variation that are relevant to genotype evaluation in multi-environment trials and must be considered simultaneously, not alone or separately, for appropriate genotype evaluation (Yan, 2005) . This model has been successfully used in evaluating yams in Ghana (Otoo & Asiedu, 2009a , 2009b .
Traditionally, plant breeders tend to select genotypes that show stable performance as defined by minimal GEI effects across number of locations and/or years. GGE biplot analysis is an effective method, which is based on principal component analysis (PCA) to fully explore multi-environment trials (METs). It allows visual examination of the relationships among the test environments, genotypes and the genotype-by-environment interactions (G×E interaction). GGE biplot is a data visualization tool, which graphically displays a G×E interaction in a two way table (Yan et al., 2000) . GGE biplot is an effective tool for: 1) mega-environment analysis (e.g. "which-won-where" pattern), whereby specific genotypes can be recommended to specific mega-environments (Yan & Kang, 2003) , 2) genotype evaluation (the mean performance and stability), and 3) environmental evaluation (the power to discriminate among genotypes in target environments).
This study therefore, was, designed to evaluate the performance of D. rotundata genotypes grown in multi-environment trials in Ghana for 4 years and identifies suitable clones for release as new varieties for release and production.
Materials and Methods
The study was conducted from 2013-2016 cropping seasons at four locations in Ghana. The locations are: Atebubu, Kintampo, Ejura and Fumesua in Ghana (Table 1) . . Weeding was manually done when necessary. Data were collected from the inner 18 plants within a plot. Parameters taken at the vegetative stage were vigour, severity of yam mosaic virus (YMV), severity of leaf spot disease. Postharvest assessment was on yield and tuber number. Disease severity scores of YMV and Leafspot were taken at 6 month after planting (MAP) using a scale of 1-5 (1 = no symptoms and 5 = severe damage) according to IITA (1990) . At harvest (10MAP), data were collected from the inner 18 plants within a plot for tuber yield, and number of tubers per stand. No significant differences were observed in tuber number per stand and severity of leafspot. Hence only significant parameters such as YMV and yield are presented in this paper. The data were subjected to combined analyses of variance using the ANOVA procedure of Statistical Tools for Agricultural Research (STAR) to determine the magnitude of the main effects and interactions. The GGE Biplot methodology, which is composed of two concepts, the Biplot concept (Gabriel, 1971 ) and the GGE concept (Yan et al., 2000) , was applied for visual examination of the GEI pattern of data by using GGE-biplot software (GGEbiplot, 2009 ). The GGE biplot shows the first 2 principal components (PC1 and PC2) derived from subjecting environment centered yield data (Yan et al., 2000) . For the analysis, no data was transformed and the model used was Global (G + E + GE) and scaling with SD. The model applied was singular value partitioning entry-focused for evaluation of entry and tester or environment focused SVP for tester or environment evaluation and data centering = original tester centered data (G + GE). The data was scaled with standard deviation for generating environment relationship. For rest analysis, no scale used. The statistical analysis and interpretation of GGE was conducted as per Yan and Kang (2003) . The codes for genotypes and environments used for the GGE Biplot analyses are presented in Table 3 . 
Results
The combined analysis of variance across environments (Table 4) showed highly significant (P < 0.001) mean squares (MS) for yam mosaic virus (YMV) disease severity score, and yield for all sources of variation. Environment (E), genotypes (G) and genotype by environment interaction (GEI) showed significant variability (P < 0.001) for traits evaluated. The relative magnitude of the main effects and their interactions for YMV as a proportion of the total sum of squares showed that 32.7% of the severity score variation was attributed to Genotype (G), 7.7% to Environment (E) and 60% to GEI (Table 4) . Similarly, the proportion of the total variation for tuber yield accounted to G, E and their interaction GEI were 19.1, 17.8 and 63.1%, respectively. Note. * and ** = Significant at P < 0.05 and P < 0.001 respectively.
Reaction to YMV Disease and Yield
A highly significant (P < 0.001) variation was observed in both YMV and Yield of the 12 genotypes across the various environments (4 locations in 4 years) (Table 4) . Across locations and years, the YMV disease scores ranged from 1.0 to 2.2, with a mean of 1.4. Genotype TDr95/19177 expressed the most severe symptom of 2.2. Genotypes Dente (Check 1), Mankrong Pona (Check 2), Miriki (Check 3), TDr00/00403, TDr00/00539, TDr00/02475, TDr07/00362, TDr98/00933 and TDr99/02674 were symptomless (severity scores of 1.1-1.3) (Table 5) . Similarly, tuber yield of the genotypes ranged from 36.4 t/ha (TDr07/02673) to 49.9 t/ha (Mankrong Pona) with a mean of 42.8 t/ha. The GGE biplot (Figure 12 ) depicts the genotypes that had the best performance in each environment based on yield. The convex-hull drawn from the biplot origin gave 5 sectors with genotypes 12, 2, 11, 9, and 8 as the vertex genotypes. Genotype 12 was the vertex and the winning genotype in mega-environment comprising environments A13, K13, E13, F13 and A16. Genotype 2 was the winner in the next mega-environment A14, F14, and E16. Genotype 11 was the winner in mega-environment comprising K16, F16, E16, K15, A15, K14, E15 and F15, meaning that these cultivars are the best in these environments. No environment fell into sector with genotypes 8 and 9 as the vertices, indicating that these cultivars were not the best in any environment.
Discussions
The combined analysis of variance across environments (Table 4) showed highly significant (P < 0.001) mean squares (MS) for YMV disease and yield. Effects from Genotype and environment showed highly significant MS reflected genotypic differences towards adaptation to different environments, suggesting that genotypes may be selected for adaptation to specific environments (Otoo & Asiedu, 2009a , 2009b Aina et al., 2009 ).
The highly significant variation observed among genotypes as indicated by the range of their mean performance, indicates the presence of sufficient genetic variability for the traits studied. The significant interaction between genotype and environment (GEI) for all the traits indicates that there is the need for multi-environment testing to identify good performers for specific environments.
The GGE biplot enabled visual comparison of the environments and genotypes studied and their interrelationships. The relative magnitude of the main effects and their interactions for YMV as a proportion of the total sum of squares showed that 32.7% of the severity score variation was attributed to Genotype (G), 7.7% to Environment (E) and 60% to GEI (Table 4) . Similarly, the proportion of the total SS by various sources of variation of yield attributed to G, E and their interaction GEI were 19.1, 17.8 and 63.1% respectively. This is an indication of differential in YMV disease response as well as yield performance among yam genotypes across testing environments, which was due to the presence of GEI (Otoo & Asiedu 2009a , 2009b .
Mean Performance and Stability of Genotypes
Genotypes should be evaluated based on both mean performance and stability across environments (Yan & Rajcan, 2002) . The single-arrowed line is the AEA, which points to higher mean tolerance across environments ( Figure 1 ) and yield ( Figure 2 ). The double-arrowed line is the AEC ordinate; it points to greater variability (poorer stability) in either direction (Yan & Tinker 2006) .
Results from mean and stability analysis shows that in the YMV disease scores ranged from 1.0 to 2.2, with a mean of 1.4; implying that none of the genotypes was susceptible (severity score > 2.5) ( Table 5 ). Generally most of the genotypes were tolerant and stable. This was expected since the introductions from IITA were advanced lines developed for tolerance to YMV disease. The local checks are indigenous and have adapted to their environments. Similarly, tuber yield of the genotypes ranged from 36.4 t/ha (TDr07/02673) to 49.9 t/ha (Mankrong Pona) with a mean of 42.8 t/ha. This was significantly high yield since the average yield for the Ghana is 15 t/ha, and its comparable to the yield potential of improved released yam varieties of Mankrong Pona (70 t/ha), CRIKukrupa (50 t/ha) and CRIPona (42.0 t/ha), respectively.
Relationships among Environments
Generally, in assessing the relationship among environments (Figures 3 and 4) , when the data is sufficiently approximated by the biplot, the cosine of the angle between the vectors of two environments approximates the correlation coefficients between them (Yan & Rajcan, 2002) . When the biplot explains a greater portion of the total variation, for example > 50%, (61.2% in this case) the angles exactly reflect the correlations among the testers. The cosine of the angle between the vectors of two environments therefore approximates the correlation between them. Two environments are positively correlated if the angle between their vectors is < 90; two environments are negatively correlated if the angle between their vectors is > 90; two environments are independent if the angle between them is 90. Zero means regression coefficient (r) = 1, 180 means r = -1 and environments with longer vectors are more discriminative of the entries; those with short vectors are less discriminative; those located at the biplot origin are not discriminative at all. The cosine of the angle between the vectors of two environments therefore approximates the correlation between them.
The environment K16 was negatively correlated to E16, F16 and E13. K15 was also positively correlated E16, F16 and E13. This suggests that similar location can give contradicting relationships in different years, year being the distinguishing factor in this instant. This gives credence to need to conduct multi-locational trials in space and time in order to determine the best genotypes for release as varieties. In Fumesua, 75% of its occurrence had angle of its vectors greater than 90% with the other environments suggesting that the Fumesua (Forest zone) is different from the other environments and must be considered unique and necessary for evaluation of the genotypes with respect to YMV and yield assessment. All other environments, which were all in the Forest-Savannah Transition agroecology, could be considered as another group of necessary environments for assessment of both YMV disease and yield.
The soils of the forest agroecology are mostly Forest Ochrosols. They are red, brown and yellow-brown, well to imperfectly drained soils occurring on summits, upper, middle and lower slopes. Such soils have a marked concentration of organic matter in the upper topsoil (A horizon) with strongly leached lower horizons (CEPA, 2000) .
The soils of the Forest belts of Ghana are easily distinguished from those of the Savannah belts by the greater accumulation of organic matter in the surface horizon resulting from the more abundant leaf-fall under Forest vegetation and the slower rate at which humus is oxidised. The soils of the Savannah belts are on the other hand, generally lower in organic matter within the surface horizon due to the fact that grass is the dominant vegetation.
In addition, over extensive areas, such soils have unfavourable moisture relationships due mainly to the fact that rainfall is less reliable in occurrence than in the Forest belts (CEPA, 2000) .
In the FST agroecologies, substantial areas of level to near-level relief within the Savannah patches are covered by deep, to very deep, non-gravelly, sandy clay Savannah Ochrosols, mainly Ejura and Damongo series. Though the soils are quite low in inherent fertility and subject to erosion and droughts, they are considered to be well suited to extensive mechanised cultivation of maize, guinea corn, sunflower, cashew nuts, yams, tobacco, soybeans, groundnuts and fibre crops such as cotton, urena lobata and kenaf. However, for increased and sustained crop production, there will be the need to improve upon the fertility status of the soils through manuring and the application of commercial fertilisers, especially a suitable compound of NPKMg (CEPA, 2000) .
Choice of Genotypes
An ideal genotype should have the highest mean performance and be absolutely stable (i.e. perform the best in all environments). Additionally, it should have good disease tolerance as well as good culinary characteristics. Such an ideal genotype is defined by having the greatest vector length of the high yielding genotypes and with zero GEI as represented by an arrow pointing to it (Figures 9 and 10 ). Although such an ideal genotype may not exist in reality, it can be used as a reference for genotype evaluation. A genotype is more desirable if it is located closer to the ideal genotype. The cosine of the angle between the vectors of two genotypes also measures their similarity or dissimilarity in response to their interaction with the environments (Yan & Tinker, 2006) . Using the ideal genotype as the center, concentric circles were drawn to help visualize the distance between each genotype and the ideal genotype. For YMV disease assessment, Figure 9 revealed that genotype 10 was the closest to the ideal genotype followed by genotypes 9, 6, 2, 7, 3, 4, 12, 1, 11, 3 and 5 in that order. For yield response, genotype 2 was the highest yielder and most stable, followed by genotypes 10, 6, 11, 5, 3, 1, 7.12, 4, 9 and 8 in that order. In choosing the genotypes for release based on tolerance YMV disease and yield, genotypes 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 may all be considered. Genotype 10 had high and stable tolerance to YMV disease, but genotypes 9 had good but unstable response to YMV disease and were comparatively low yielders. In terms of yield, Mankrong Pona was the most stable and high yielding (closest to the ideal genotype) followed by TDr95/19177. Genotypes TDr00/02472, TDr00/00539 and TDr98/00933 were desirable genotypes for released as varieties, and since Mankrong Pona has already been released in Ghana and TDr95/19177 has also been released in Nigeria (by ECOWAS protocol, usable in Ghana), only genotypes TDr00/02472, TDr00/00539 and TDr98/00933 are available for released as varieties.
"Which-Won-Where" Analysis
In "which-won-where" analysis of the GGE biplot analysis, a polygon is first drawn on genotypes that are located away from the biplot origin so that all other genotypes are contained in the polygon. Perpendicular lines are then drawn, starting from the biplot origin, to each side of the polygon (Figures 11 and 12 ). These perpendicular lines divide the biplot into sectors, and the winning genotype for each sector is the one located on the respective vertex.
Genotypes 10, 9, 7, 12, were winners in various mega-environments with respect to YMV disease tolerance. Similarly, genotypes 12, 2, 11, 9, and 8 were winners in various mega-environments with respect to yield response. Since the environments encompassed similar locations at various years, it pre-supposes that these genotypes could all be used in all the locations.
Ideal Test Environments for Selecting High Mean Performance Genotypes
The ideal test environment should be most discriminating (informative) and most representative. Figures 7 and 8 jas.ccsenet.org
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Discriminativeness and Representativeness of Test Environments
The lines that connect the test environments to the biplot origin are called environment vectors. The length of the vectors approximates the standard deviation within the respective environments, which is a measure of the discriminating ability of the environments (Yan, 2005) .
For response to YMV disease (Figure 7) , the most discriminating environment was E16 followed by K15, F16, A15, K16, A16, E15, F13, K14, F15, E14, A13, K13, F14 and A14. For yield, K16 was the most discriminative, followed by E16, F16, E14, A16, E14, A14, F14, F13, E13, K13, K15, K14, E15, A15 and F15 in that order. Again, Ejura locations were the most represented in the top 5 discriminating environments for yield. With resource limiting therefore, Ejura could be used as test site for evaluating for both YMV disease tolerance and yield.
Representativeness of the Test Environments
The representativeness of the test environment can be assessed using "Average-Environment Axis" (AEA, or average-tester-axis,) view of the GGE biplot (Yan, 2001) . The average environment has the average coordinates of all test environments, and AEA is the line that passes through the average environment and the biplot origin. A test environment that has a smaller angle with the AEA is more representative of the target environment. For YMV disease, Fumesua was the most representative with Kintampo as the least representative. For yield responses, E16 was the most representative and A13 least representative.
Conclusions
The need for assessing spatial and seasonal genotype and environment interaction in yams was confirmed, with Ejura and Fumesua as the most discriminating and most representative for YMV respectively. In terms of yield, Kintampo environment was the most discriminating and Fumesua and Atebubu were identified as the closest to ideal environment for evaluating yield. All the four locations used for the study are highly relevant for research and development of yams.
